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THE ROLE OF TEXTILE MATERIAL [N CLOTHING ON THERMOREGQLULATCRY
RESPONSES TO (NTERMITTENT EXERCISE

Ruth NIELSENT® & Thamas L.ENDUSICK2

1 National Institute of Occupational Health
$-17184 Soina, Sweden

2 |5.S.Army Research Institute of Envirommental Medicine
Natick, MAD17680-8007, USA

The physiological effect of different text!is material used In
the underwear of an ensambie In the develcpmant of over heatling
or ehlliing In hynans during Intermittent exerciss In a cold
enviromnment was studied. Underwsar prototypes manufactured fram
five different fiber type materials wers tested as a part of a
typlcal, standardized clothing systam on elight male audbjects
(Ta=8%C, Tyy=-3.2°C and V,=0.3 m's=!). The test consisted of a
twice repeated procedure of 40 min cycie exercise (54% o7 VOmax)
followed by 20 min of rest. Differences were found In both the
amount of non-evaperated and evaporated sweat with the five
different underwear configurations. No significant dlfference
could be detected in escphageal tamparature, skin tevparatures,
skin wettedness, and onset time of swaating. It s concluded that
the textiie material used In underwear (n a normal work garment
has a small, but Insignificant Influence on the wet heat
dissipation during Intermittent exercise in a cool enviromment.,
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1. INTRODLCT ICN

working conditions have In many areas bosh improved paraliel to the
technoliogical deveiopment In the society. However, exposure to a cool or

cold work envirorment Is atlill a daily reallity for many Industrial and

outdoor workers. After-exarclise-~chlil is a ocommon resson for thermal
discemfort In these enviromments [1, 2]. The phencmena |s especilally ?
connected to dressed pecpie performing Intermittent exerclise, as |t ls

related to the Interplay between the physioiogical reactions of the human

body and the clothing systam.

Camon used clothing ensarbles for cold env.romments covprises two or
more clothing layers: underwear, possibly middle layers, and an cuter
clothing layer. Each layer has Its own thermal function. The main part of
the skin sur’ace Is not In contact with the amblent enviroment, but with
the micro enviromment under the clothing and the underwear (tself. Thus,
underwear has a special function [(n relation to the sensation of the
fabric-to-skin interface and may aisc be of Importance for the resuliting
mliero enviromment over the akin. Advertissnents for thermal underwear
ciaims benafits of different text!le material in both insulating power,

s The experimantal part of this work was done while R.Nielsen heid a
National Research Counc! I-USARIEM Rejearch Assoclateship.
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vapor transmission and wicking abllity "leaving only dryness and warmth

. next to the skin even while you ave perspiring heavily (n winter or
summer®, From this It seams possible that a proper use of underwear could
diminish or hinder ths development of after-oxercise-chill,

The thermal resistance of an undergarment is quite small as covpared to
the overal! resistance of a total garment. In the ii{terature [J3] acdition
of tharmal underwear to a clothing system is supposed tO asd |ittle extra
warmth or protection for the wearer, and in terms of differences In
intrinsic tharma! resistance these differences are Insignificant as long
as the fit and design I3 Kept the same [4].

The latent heat diasipation from the skin to the envirormment takes mainly
place as diffusion resulting freama difference In vapor pressure (8].
This diffusion |8 restricted by the resistance of the clothing layers.
water/sweat can also be transported In the textile fibers thamssives, on
the surface of the fibers or by caplitary action In the yarn, The
transport of water by capiliary action Is negliglble (n natural flbers;
howaver, textlies made of polypropylens and treated poiysster flbers,
that do not take up water In the textlie fibers, have a considerable
ability to transfer water bty caplliary action. 'n natural fibars the
water transport In the texti{e fibers themsaives Is most lvportant. There
are Important differences Iin the water/sweat absorbing abliity of textile
fibers [8]. Textlle fibers will absorb and desorb water when the humidity
around then changes, and reach an oquilibrium with thalr snvirorments.
wWoo! is able to take up and keep significantiy more water/sweat In the
sibers than any other textile and |t takes thus (onger time before the
alr In the textile cavities is exchangad with water during e.g. sweat
bursts. Also the ab-/desorption processes means that an exchangs of heat
energ! takes place betwoen fibers snd alr. By measurements on a thermal
manikin reiease of 20 W'm™< by a iight woolen garment when changing from
a &8 to a 70% rh enviromment has besn shown [4]). Thia has the same effact
as an Increase of 0.9 ¢cio In the thermal insulation or walking Into a
room with a 8% higher alr temperature. The release of haat was conalcar~
ably lass when the sgme ensambie was made of cotton/poiyeater (11 Wem™ ).
and even smaller when !t was made of polyester/polysmide (7 W-m=2),
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Fram a theoretical point of view tha differencs In water atsorbing and
water transporting ability of textliies such as wool, cotton, polyester
and polypropylene, can be expected to produce both differances In
wetting-time of underwear and other clothing layers, and dlfferences in
snergy .exchange caused by condensation and evaporation processes, and
thus finally contribute to the degree of gweating during exercise, the
after-exercise-chill and cold disocnfort generally. The purpose of the
present stUdy was on persons performing Intermittent exercise (n an
envirorment causing both periods of sweating and chilling, to investigate
It underwear manufacturec In different tcxtlla mtarlal resuited In
different thermoregulatory responses, } .

2. MATERIALS AND METHOODS

2.1. Garmant Dascription

Underwear manufactured In a i-by-1 rib knit fram 6 different fiber type
materials (cotton (F1), wool (F2), polypropylene (F3), and polyester with
two different kinds of aurface treatment (Caplleneaf4 & Thermax«fd)) were
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evaluated. Measurements of fabric thickness were porfonmd on sarples of
cloth (7]: Fi1=0.04 mm, F2«0.97 mm, )
Fa=0.84 MM, F4e0.79 nm, FS«0.80™mM.

Aty five underwear prototypes were tested
as & part of a typical, standaraized
clothing system on human subjects. The
clothing s/sten comprised the two-plece
tong-sieaved/iong-legged underwear, a
Battle Dress Uniform (BOU) shirt and
trousers (50% cotton/80% nylon), woolen
S0CKks, gym shoes, and woolen gloves
(Figure 1). Before any testing was done,
all clothing systems were laundered &
times withaout soap Iin a washing machine
and drip-dryed in betwean,

’\
. 2., Subjects

Eight heaithy males volunteered for the
present series of experimeris. They had
gn average (*s.d.) age of 25 3.7 years,
v .ght of 71 *7.2 kg, helght of 176 ¥ 3.3

or, {s surface area (Ag,) of 1.88 *
0.104 me, VO max of 3.48%0.637 | Og'min=T bl i
and percentage body fat of 14 *4.6%. Figure 1. Clothing systen

2.3. Exper imental Protocol

Conditions ware chosen so as to mimic real~life situstions under which
sweating and aftar-exerclse-chill would develop, and where this type of
clothing would be worn. Testlng red Ina climatic chatber at an alr
terperature (Ta=T,) of 6.2 0.0 a dew point tamperature (Ty,) of -3.2
$0.485C (~54 % rh]. and an air velocity of 0.32 m'a=1.

The clothing was stored in the antechamber at an alr temperature of 28°¢
and 20 % relative humidity at least two hours befors the expsr imental
procedure began, and.the dressing of the subjact tock place In thia
Qrarber. Each subject reported to the laboratory at the sano time of the
C., for all experiments., After arrival he was weighed In the nude and
then hooked Up with chest slectrodes for heart rats, thermocouples for
esophnaeal and skin tevwperatures (calf, thigh, chest, lowar back, upper
back, upper arm, forearm, hand, and forehead). Each plece of clothing was
walghed on a balance (Sauter, model K12), nut on the subject and when he
. ., capletely hooked up, a dressed weight was recordad (Sauter, mods!

KR120). Upon entering the test envirorment the subject werw hooked Wp 7o~ —’
with dew polnt sensors [8] on the skin underneath ths garment (back,  -—- /
chest and thigh) bsfore he mounted a cycle ergoncmeter placed on & Potter  CRAAI @
balance (model 238). Approximately 10 min after entering the tast chamber TAB ]
the subject began the 2-hour test. The test comorised a twice repeated ' ced 0 1

cyclus of 40 min cycle exercise (80 rem; 2.0 20.40 kp) followed by 20 min i
of rest. Each subject always worked at the same work level, that had been T T
choosen 30 It would be close to 55% of his VOp-max. Escphageal, skin and

alr tavperatures, as well as dew point tewperatures at the skinand tn .., 7~
the anblent air wers monitored on a HP200 computer every minute during
the teat and stored for analysis. Changes in body weight ware sampled .ulubitity Codes
fran the Potter balance every 20 seconds on a HPES computer and HR was PRy

vecorded every 10 min. VO and VOO, were measursd by ooen clircult FV“)‘;L‘:I';'IOf
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splironstry using an autometed system (Sensormedics Hor lzon MC) the last
S min of the first exercliss and rest period, respectively. Two minutes
aftar ceossation of the teast the 3subject left the test chamber and
undressed Inmedlately in the antechambsr. He was welighed in the nuds and
sach plece of clothing was welghad.

3. CALOLATIONS

Metabollc energy produstion (M) was calculated fram the measurements of
oxygen consumption (V0y) as

M = (0.23RQ+0.77)"V0y 'k 80 Ag,™! (wWm2)
inwhich RQ Is the respiratory exchange ratio, \707 Is the cxygen
consumption In | ‘min=', and k Is the energy eculvalent of oxygen

(8.873 W'h*1 Oy min~T),

Mean skin terperature (T,.) was calculated as an erea-welighted average of
the measuraments (modifled fram [9]):

Tak = 0.05Thang+0.07(Teorgam* Tupper arm*Thead)*0-20Teq | #40. 19Ten gh

+0.178(Tehest*(Tupper back*T (ower back)/2) %)

Evaporative heat loss from the skin (Eg.) over the total experimantal
perlod was determined fran the continucus monitoring of welight foss on
the Potter balance corrected for weight of respiratory water 1038 (£.44)
[10]1. No dripping tock placs, becauss all excessive sweatiny was absorbed
In the clothing. Total non-evaporatod sweat 1038 (Swn,) was measured as
the difference between clothing we!ght before and after the experiment.
Total awsat 10ss (Swyoe) was calculated a3 the sum of Egy and Sw.,.

Vapor pressures at the skin surfaos and
determined fran the local

Antolne equation.
Local skin westteaness, w, on back, chest and thigh was caloulated as:

In the ambient alir wers
dew point terperaturs recordings using the

(%)
where Pgy Is the vapcr pressure at the exin surfacs, P is the
saturated vapor pressure at the local skin temperature and P, Is amblent - oA
water vapor pressurs, '

An avérage sakin wettedness for thigh and torso area was estimatad using
each local skin surface area‘s fraction of the total body surface area:

3.2. Statlisatical analysls

Repeated-measures analysis of variance (ANOVA) was used to determine
whethar the factor ‘textile material’ had any significant effect on
physiological reactions or sweat accurulation In the c¢lothing. In the
svent that ANOVA revelled significant main effect Tukey’'s critical
differences was cailculated and used to locate significant difference
between means., Data are presented as means®s.d. All differences reported
are significant at the P«<0.05 lavel, A paired t-test was used to test If

there was any difference between physiological reaction in the first and
second test perlod.
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4. RESULTS

Work intensity (W) was at average 64 *11,8 W'm2 curing the 40 minutes
bicycie periods. Metabo!lc energy production (M) did not vary between
clothing systems, and wers at average (ned0) 344 81.2 W'm™2 guring
exercise and 65 *11.8 W'm=2 during  it.

Core tenperature as represented by Tes Was not (nfiuenced by the fiber
material of the underwear worn (Figure 2). Tes was at average for all

tests 36.8 10.19%C In the first minute of exercise. After 20 minutes of
exercise a steacy-state value of 37.4 *0.18°C was reached. buring the

rest perlod T,, decreased quickly to reach a value of 38.8 *0.20%C In the

last minuts. The courss of Tag Over the gecond exercise/rest period was
similar to the course over the first pericd and simiiar tomperature -
*~lues were measured at the end ¢f the two perlods.

Mean skin tevperaturs (T,,) dld not vary between underwear conditlens
(Figure 2). The average values (ns40) at the beglr.nlng of the exercise

and at the end of each perlod were 31.0 *0.€1, 20.9 *1.01, 29.1 *0.82, ‘
7~ 3 21.01 and 28.7 *0.63 . All values except for F8 during exercise /
ad F2 at rest were significantly lower at the end of the second period

than the corresponding values In the first period.

Average skin wettedness (w) did not show any difference between underwear
conditions (Flgure 2). Average values (n=40) at the beginning of the

%1 AVERAGE WETTEDNESS '

Flgure 2. Average (ne8) sKkin ot |

wettadness, mean skin temnperature

and esophagus temperaturs during f,J

the test for each underwear \
condition. \ |
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exercise and at the end of each pericd were 7 26.2, 80 211.3, 41 213,14,
82 210.8 and 45 *14.4 X. Wettecdness were siightly higher In the second
exercise and rest period compared at the first pericd.

Onsat of sweating was considered to take place when the dew point sensors
at the skin recorced anm Increase In vapor pressure, and It began © *2.74
min after the start of the exerclise. No difference could be detected
batween the flve differant undarwear condlitions; nelther was there any
significant difference In the timd to onset of sweating between the first
and second exercise period; however, for F2 a strong tendency towards an
earilaer onset in the second exerclise perliod was found.
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Flgure 3. Total amount of sweat, evaporated sweat and non-evaporated
1+ 4t with the five clothing systams,

Total™ sweat (033 (Swine) was significantly lower with both F4 and F§
rwear cavpared at Fi, F2 and F3 underwear (Figure 3). '
poration of sweat (Egq) totalled over the test period was higher with
F3 compared at F1, F4 and F5, and higher with F2 than with F5.
Total non-evaporated sweat loss (Sw,g): The underwear material had &
significant effect on the amount of sweat absorbed (n the clothing
ensembl!e worn (Figure 3). More sweat was abscrbed when elther Ft or F2
underwear were worn campared at F3, F4 or F§ underwear (F1 »F3, F4, F5;
F2 >F3, F4, F3). Considering the underwear alone, both Ft and F2
underwear contained more sweat than ail three types of man-made fiber
underwear (F1.F3,F4,F8; F2 >F3,F4,F8). There was no dlfferencs between
the amount of sweat absorbed In F3, F4 and 8 underwear; naither was
there any difference between the amount of sweat absorbed In Fi and F2
underwsar, respectively. There was no differencs, and thus no undarwear
effect, In the amount of sweat found In the BOU.Jacket and the
BOU-trousers showed only a difference betwsen F2 and F4 conditions
(F2>F4). Socks, shoes and gloves contained after all experiments very
tittie moisture (3, 8 and 6 g, respectively).
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6. DISCUSSION:

Dif’erent fiber type material (n the undorwear of a clothing system has
ar effect on thermoreguiatory responses during intermittent exercise Ina
cold envirormment. In the present atudy differences in sweat loss, evapor-
ation of sweat and amount of non-evaporated sweat absorbed In  the uncer-
wear were found. No dlfferences were detected In chilling at rest, but
with a longar rest period dlffsrences may develop. ‘

It was choosen to use intermittent exerciss rather than ono exarclse
period fol!owsd by a period of rest. It was expected, and confirmed, that
a dampening or watting of the clothing system occured cver the course of
the first period and this changad the course of the thermophyzioicgical
responses In the next perlod. initiaily Tg decreased stightly; however,
after onset of sweating it Increased dus to (nsufficlient evaporation of
sweat as shown by the increase In skin wettedness. In the rest period Tg
decreased significantly and was at the onset of the second exerciss
period 20C Iower than at the start of the test. Ty Increassd during the
second exercise perlod end reached a steady state 0.50C lower than the
steacly state level In the first exarciss period., As other variables were
constant this can be related to the dampening of the ciothing system
causing a lowering of the Insulation value of the clothing system. Thia
is supported hy a similar lowering of Tg, In the second rest period and a
slightly Increased skin wettedness in the second perled. During the first
reat pericd skin wettedness showed that a drying out of tha clothing todok
place, but after 20 minutss of rest the microenviromment was stili hunid
(wed1%). Except (n More extrame envirormsnts, the courss of Teq Is
determinud by the work level [11] and 80 In this study. The clothing only
influences the thermephysiological responses at the body surface.

No differences were found In skin wettedness and T, due to diffarent
fiber type material of the underwear Indicating that the hunidity condi-
tions In the microenviromment between skin and underwear were similar,
Therefore, the observed differences In wet heat exchangs must be caused
by differences In the thermai processes taking place within the clothing
system. The amount of sweat absorbed In the woo! and the cotton undervear
was as precicted fram textlile characteristics larger than the amount
absorbed In the man-made textliles. These were all made of hydrcphlllic
fibers, where the surface was made hydrophcbic by a chemical treatmant.
The differencas in total sweat production are for certalin parts difficult
to mxplain. Possibla mechaniams are hypothesized below using aweat
production with F4 and FS as references.

Absorption of sweat In wool (F2) over the skin surface resuits In an
incanpiate evaporation and cooling of the eskin, plus |iberation of
sorption heat at the skin. Both tend to Increase Tg,. Tha absorbed sweat
Is transcorted In the wool fibers further Into the clothing where it
evaporates and decresases the tenperature betwesn the ciothing layers.
This creates a steeper temperature gradient over the underwsar and a
greater fAry heat flow. The tendency to increase Ty, may Increase sweat
production, and be the cause Of the graater sweat production observed.

The increased sweat production with polypropyiene underwear (F3) las found
as Increased evaporation. This may be explained by that sweat are wioked
through the underwear, and evaporsted further Into the clothing. The
inconplate avaporation at the skin would |1ke with woo! tend toO increase
T.k resulting In a8 higher sweat production. Howevsr, a similar respons
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could be expected for F4 and FS based on the Information provided by the
manufacturer. That the difference between poiypropylene and the treated
polyester fibers could be related to the slight differencs in cloth
thickness was considered, but as the differance betwesn FJ and F4 are
small, this causs |s not (ikely.

8. CONCLUSIONS

In conciusion, different textile material in the underwear of a clothing
systen has an effect on thervoregulatory responses during intermittent
axerciss In a colid envirorment. However, thermal undarwear does not keep
its wearer coampletely dry as often claimed. in periods where sweating
occur skin wattedness Increases to simitar levels Indepencent of material
of the underwear, and at rest msan skin tewperature and skin wettedness
decreases to the sane values. However, the tesxtl!le matsrial of the
underwear making the contact to ths skin abaorbs and contains less swaeat
when man-tnade hydrophllic flbers are uaed.
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